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I .  INTRODUCTION 

Dry-tuned  gyros  have  been  widely  used  in  recent  years  as  inertial 
sensors  for  angular  motion.  This  type  of  gyro  possesses  an  important 
feature  which  is  not  shared  by  other  types  of  mechanical  gyros,  namely, 
absence  of  bearings  for  supporting  the  precession  axis.  Therefore,  bearing 
friction  induced  drifts  do  not  exist.  In  addition,  they  can  be  made  to 
provide  a  sensing  range  up  to  400  degrees  per  second,  considerably  higher 
than  that  of  other  types  of  mechanical  gyros  having  the  same  linearity.  A 
third  attractive  feature  of  this  type  of  gyro  is  its  simple  and  rugged 
construction  which  allows  it  to  be  low-cost  as  compared  to  other  types  of 
gyros  of  similar  performance. 

However,  dry-tuned  gyros  also  have  their  inherent  weaknesses.  The 
first  weakness  is  their  sensitiveness  to  the  disturbances  which  are  at  their 
respective  spin  frequencies.  In  a  conventional  mechanical  gyro,  the  spinning 
wheel  provides  an  angular  momentum  which,  when  interacting  with  an  angular 
rate  input,  produces  precession.  In  a  dry-tuned  gyro,  the  spinning  wheel  not 
only  provides  angular  momentum,  but  also  generates  a  carrier  of  frequency  N, 
the  spin  frequency.  The  carrier  is  modulated  by  the  tilt  of  the  rotor  in 
response  to  a  rotation  of  the  gyro  case  about  an  axis  parallel  to  the  rotor 
plane.  Pickoffs,  which  are  case-fixed,  not  only  sense  the  rotor  tilt,  but 
also  serve  as  phase-sensitive  demodulators  to  separate  the  tilt  signal  from 
the  carrier.  The  modulation  feature  makes  the  gyro  sensitive  to  external 
vibrations  which  are  at  the  spin  frequency. 

The  second  weakness  of  dry-tuned  gyros  is  the  existence  of  the  so-called 
M2N  noise,"  which  is  an  unwanted  signal  of  twice-spin  frequency.  This  signal 
is  caused  by  the  structural  dynamics  of  the  gyros.  Minimization  of  the  2N 
noise  is  one  of  the  important  considerations  in  dry-tuned  gyro  design, 

A  third  weakness  in  this  type  of  gyro  is  the  sensitiveness  to 
external  vibrations  at  twice  spin  frequency.  These  vibrations,  when  inter¬ 
acting  with  the  rotor  spin  motion,  may  create  rectification  effects  resulting 
in  gyro  drifts. 

The  inherent  weaknesses  of  the  dry-tuned  gyros  limit  them  from  being 
rate  sensors  of  very  high  precision.  A  drift  stability  of  .005  degree  per 
hour  is  probably  the  best  one  can  achieve. 

An  interesting  phenomenon  has  been  observed  from  the  use  of  a  pair  of 
dry-tuned  gyros  on  a  gimbaled  platform  of  an  inertial  measurement  unit  (IMU). 
When  two  separate  power  supplies  of  slightly  different  frequencies  are  used 
each  driving  the  wheel  of  one  gyro,  the  performance  of  the  IMU  is  better 
than  that  when  only  a  single  power  supply  is  used  to  drive  both  wheels.  The 
former  implementation  has  been  called  dual  gyro  wheel  supply  (DGWS)  and  the 
latter  single  gyro  wheel  supply  (SGWS) .  This  phenomenon  has  not  been 
noticed  in  the  uses  of  conventional  mechanical  gyros.  The  causes  of  such  a 
phenomenon  have  not  been  well  understood,  but  are  of  considerable  interest  to 
users  of  dry-tuned  gyros.  The  study  reported  in  this  paper  was  aimed  at 
exploring  these  causes.  The  goal  was  to  achieve  a  physical  understanding  of 
the  phenomenon. 
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II. 


QUALITATIVE  ANALYSIS 


In  general,  when  a  gyro  wheel  is  spinning  at  a  speed  of  N  revolutions 
per  minute,  there  are  vibrations  of  frequency  y  cycles  per  minute  (cpm). 

This  is  due  to  the  ever  existing  mechanical  imbalance  of  the  gyro  wheel  and 
possibly  the  electromagnetic  imbalance  of  the  magnetic  field  in  the  gyro 
motor.  For  a  dry-tuned  gyro,  the  wheel  rotation  induces  not  only  vibrations 
at  the  spin  frequency  but  also  at  the  twice-spin  frequency.  These  vibrations 
may  be  in  the  form  of  rotational  motions  as  well  as  translational  motions. 

Then  two  dry-tuned  gyros  are  mounted  on  the  same  platform,  the  vibrations 
generated  by  one  gyro  become  the  disturbance  input  to  the  other,  and  vice 
versa.  Therefore,  the  problem  of  concern  reduces  to  the  study  of  the  effects 
of  vibrations  of  spin  and  twice-spin  frequencies  on  a  dry-tuned  gyro. 

Figure  1  represents  the  geometry  of  a  dry-tuned  gyro,  where  X,  Y,  and 
Z  axes  of  a  coordinate  system  are  case  fixed.  The  Z-axis  is  coincident  with 
the  spin  axis.  The  X  and  Y  axes  are  perpendicular  to  the  spin  axis  and, 
loosely  speaking,  is  in  the  rotor  plane.  Each  vector  of  vibration,  rotational 
or  translational,  may  be  resolved  into  two  components,  one  along  the  spin  axis 
and  the  other  in  the  rotor  plane.  Figure  2  shows  a  classification  of  various 
vibrations  which  can  affect  the  performance  of  the  gyro.  Each  class  of 
vibrations  will  be  discussed  in  turn  in  the  sequel. 

A.  Translational  Vibration  in  Rotor  Plane  at  2N  Frequency 

If  the  gyro’s  gimbal  exhibits  pendulosity  in  a  direction  perpendicular 
to  the  spin  axis,  translational  vibration  at  twice-spin  frequency  in  the  rotor 
plane  will  cause  gyro  drift.  Figure  3  shows  the  top  view  of  the  geometry  of 
a  dry-tuned  gyro’s  rotor-gimbal-shaf t  assembly.  Assume  a  translational 
vibration  at  a  frequency  of  2N  along  the  X-axis.  If  the  gimbal  construction 
is  not  ideally  balanced,  the  pendulosity  of  the  gimbal  will  force  the  gimbal 
to  tilt.  The  tilt  action  of  the  gimbal,  transmitted  via  the  pair  of  outer 
flexures,  forces  the  rotor  to  tilt.  The  wheel  position  where  the  gimbal’s 
pendulosity  effect  on  rotor  is  maximum  occurs  when  the  axis  of  outer  flexures 
is  in  the  direction  of  translational  vibration  as  shown  in  Figure  3(a).  On 
the  other  hand,  the  wheel  position  for  minimum  effect  of  gimbal  pendulosity 
on  the  rotor  is  shown  in  Figure  3(b).  When  the  frequency  of  translational 
vibration  is  twice  that  of  wheel  rotation  the  net  tilt  of  the  rotor  due  to 
gimbal  pendulosity  is  not  zero,  which  contributes  to  a  gyro  drift  error. 

If  more  than  one  gimbal  are  used,  their  respective  pendulosit ies  can  be 
adjusted  for  zero  net  tilt  of  the  rotor. 

B.  Translational  Vibration  along  Spin  Axis  at  N  Frequency 

When  the  rotor-gimbal  assembly  exhibits  pendulosity  along  the  direction 
of  the  spin  axis,  translational  vibration  at  the  spin  frequency  along  the  spin 
axis  will  produce  a  constant  tilt  of  the  wheel.  Figure  4  shows  the  side  view 
of  the  geometry  of  a  wheel  and  shaft.  One  can  visualize  that  if  the  gyro 
wheel  is  spinning  at  N  rpm  and  if  the  vibration  along  the  spin  axis  is  at  N 
cpm,  then  the  center  of  mass  of  the  rotor-gimbal  assembly  experiences  a  constant 
force  at  each  angular  position  around  the  spin  axis.  The  result  is  a  constant 
tilt  of  the  assembly,  producing  a  constant  gyro  drift. 


Translational 

vibrations 


External 

vibrations 


Rotational 

vibrations 


Vibrations  in  the  rotor  plane: 

-  Twice-spin  frequency 

-  Due  to  gimbal  pendulosity 

Vibrations  along  spin  axis: 

-  Spin  frequency 

-  Due  to  wheel  penaulosity 


Vibrations  in  the  rotor  plane: 

-  Twice-spin  frequency 

-  Due  to  gyro  structural  property 

Vibrations  along  spin  axis: 

-  Spin  frequency 

-  Due  to  wheel  pendulosity 


Figure  2.  Classification  of  external  vibrations  causing  gyro  drifts. 


C .  Rotational  Vibration  in  Rotor  Plane  at  2N  Frequency 


Consider  the  effect  of  a  rotational  vibration  at  the  twice-spin 
frequency  where  the  vector  of  vibration  lies  in  the  rotor  plane  (or  XY-plane) . 

This  effect  is  not  pendulous*  but  is  due  entirely  to  the  structural  property 
of  the  gyro  wheel . 

Refer  to  Figure  5  and  let  the  rotational  vibration  be  in  the  X-d  i  r  c  c  t  i  < <r. . 
The  figure  shows  the  relationships  among  the  waveform  of  the  rotational 
vibration,  the  rotation  of  the  gyro  wheel,  and  the  tilt  of  the  rotor  plane. 

Notice  that  for  a  single  rotation  of  the  gyro  wheel  (going  through  positions 
1,  2,  3  and  4  in  Figure  3(b))  the  rotational  vibration  makes  two  cycles  as 
shown  in  Figure  5(a).  Beginning  with  position  1,  the  inner  flexures  are  in  a 
rigid  state  with  respect  to  the  case  rotation  about  the  X-axis.  In  the* 
meantime,  the  rotational  vibration  is  in  a  backward  direction  along  the  X-axis. 
Notice  that  the  position  of  two  outer  flexures  are  is  in  a  position  to  make  rotor 
and  gimbal  as  one  rigid  piece  as  far  as  rotation  about  the  X-axis  is  concerned. 

The  load  of  two  inner  flexures  at  this  position  is  much  larger  than  the  load  of 
two  outer  flexures  at  position  1.  Therefore,  the  gimbal  and  rotor  ai\  i orqoed 
backward  only  very  slightly.  The  backward  tilt  of  the  rotor  at  position  2  is 
much  smaller  than  its  forward  tilt  at  position  1.  The  actions  of  the  gyro  wheel 
in  positions  3  and  4  are  similar  to  those  of  positions  1  and  2,  respectively. 

Figure  5(c)  shows  the  waveform  of  rotor  tilt  in  response  to  the  vibration. 
The  waveform  resembles  a  half-wave  rectification.  From  the  above  discussion, 
one  sees  that  more  complete  half-wave  rectification  results  if  the  moment  ol 
inertia  of  the  gimbal  is  increased.  Elimination  of  the  rect if ica t ion  is 
achieved  by  reducing  the  moment  of  inertia  of  the  gimbal  to  zero,  an 
impractical  proposition.  In  practice,  the  desired  moment  of  inert  ia  of  the  gimbal 
is  primarily  dictated  by  the  tuning  condition  of  the  dry-tuned  >;\ro.  It  is 
conceivable  that  the  rectification  effect  can  be  reduced,  or  ever  i  liminaLed,  lv 
adopting  a  multi-gimbal  construction.  The  d-c  component  of  the  Lilt 

contributes  to  the  gyro  drift  caused  by  the  twice-spin  frequent-  iotational 
vibration  in  the  rotor  plane. 

D .  R otational  Vibration  alon Sp in  Ax i s  at  X  Fr o cpi on c y 

A  rotational  vibration  at  the  spin  frequency  along  the  spin  axi:  also 
causes  gyro  drift.  The  effect  is  due  to  the  pendulosity  of  the  gyro  win  t  1, 
including  both  the  rotor  and  gimbal,  in  the  direction  perpendicular  to  the 
spin  axis.  Figure  6  helps  to  explain  the  phenomenon.  If  the  center  of  mass, 

CM,  of  the  gyro  wheel  is  off  the  center  of  the  wheel  rotation,  it  experiences 
an  inertial  force  when  the  wheel  rotation  contains  a  vibratory  component . 

This  inertial  force  is  alternating  in  direction  with  respect  to  the  rotating 
wheel  at  the  frequency  of  the  vibration.  When  the  frequency  of  vibration  equals 
the  spin  frequency,  a  mechanical  full-wave  rectification  is  formed.  Fnder 
Lhis  condition,  CM  experiences  a  net  inertial  force  in  a  case  fixed  direction. 

The  case  fixed  direction  is  illustrated  as  the  X-direction  in  Figure  h .  The 
conditions  of  the  two  half -cycles  of  the  vibration  are  shown  in  Figures  b(a) 
and  6(b),  where  indicates  the  rotational  acceleration  of  the  vibration. 

Also  shown  is  the  case  fixed  full-wave  rectified  inertial  force  f.  This 
force  produces  a  tilt  of  the  rotor  in  a  case  fixed  direction,  resulting 
in  a  gyro  drift. 
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CONCLUSION 


The  question  of  "why  DGWS  gives  better  performance  than  SGWS  for  an 
I  Ml1  employing  dry- tuned  gyros"  has  been  answered  qual  itat  ively  by  revealing 
the  effects  of  various  vibrations  on  gyros.  It  has  been  found  that  a  dry- 
tuned  gyro  is  particularly  susceptible  to  vibrations  at  frequencies  which 
are  equal  to  its  own  spin  and  twice-spin  frequencies.  By  using  separate 
power  supplies  of  slightly  different  frequencies,  external  vibrations  for 
each  gyro  at  its  own  spin  and  twice-spin  frequencies  are  avoided. 

The  use  of  two  power  supplies  of  slightly  different  frequencies  implies 
that  one  or  both  of  the  two  dry- tuned  gyros  on  the  gimbaled  platform  is 
operating  at  an  off  tuned  condition.  This  may  not  be  a  problem  for  two  gyros. 
However,  for  a  platform  using  a  large  number  of  redundant  gyros  to  improve 
the  system  reliability,  and  a  large  number  of  power  supplies,  all  at  different 
frequencies,  may  cause  problems  in  hardware  instrumentation  and  in  gyro 
of  1"  tun  ing  . 


Usually,  those  gyro  pendulosit ies  mentioned  in  earlier  discussion  are 
unknown  quantities.  From  the  users  point  of  view,  pendulosites  of  a  gyro 
and  various  moments  of  inertias  are  not  adjustable.  Therefore  an  analytic 
representation  of  the  phenomenon  studied  will  not  be  very  useful.  However, 
users  will  find  it  very  useful  if  the  sensitivities  of  each  dry-tuned,  gyro 
with  respect  to  the  spin  and  twice-spin  frequency  vibrations  are  included  in 
the  gyro  performance  spec  if icat ion .  Gyro  manufacturers  can  obtain  these 
sensitivities  by  product  testing.  The  recommended  sensitivities  include: 

1.  Sensitivity  to  translational  vibration  in  the  rotor  plane 
at  2N  frequency. 

2.  Sensitivity  to  translational  vibration  along  spin  axis  at 

N  frequency. 

3.  Senfitivity  to  rotational  vibration  in  the  rotor  plane  at 
2N  frequency. 

U .  Sensitivity  to  rotational  vibration  along  spin  axis  at 

N  frequency. 

The  unit  for  these  sensitivities  should  be  "drift  per  unit  vibration  amplitude." 
Such  kind  of  sensitivity  information  will  enable  users  to  evaluate  the 
suitability  of  a  typical  gyro  for  a  certain  application  and  the  needed 
complexity  of  the  gyro  wheel  power  supply. 
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